Background and objectives High levels of fibroblast growth factor 23 are associated with accelerated progression of CKD. Whether high fibroblast growth factor 23 levels also predict incident CKD is uncertain.
Introduction
CKD confers high risks of ESRD, cardiovascular disease, and death (1, 2) . Most proven approaches to decrease the public health and individual patient burden of CKD have focused on treatment of established disease. Effective strategies are needed to avert onset of CKD. These efforts require identification of novel pathogenic mechanisms that could be targeted for preventative interventions in patients who are at the highest risk of developing CKD.
Among patients with established CKD, elevated levels of the phosphate-regulating hormone, fibroblast growth factor 23 (FGF23) , are independently associated with higher risk of ESRD, left ventricular hypertrophy, cardiovascular disease, and mortality (3) (4) (5) (6) (7) (8) (9) (10) (11) . Because FGF23 levels rise early in CKD (12) , high FGF23 levels may predate the onset of clinically detectable reductions in eGFR. If so, FGF23 could serve as a novel screening test for CKD, with high levels acting as either a biomarker of subclinical kidney disease not yet reflected in a reduced eGFR or a novel mechanism of direct kidney injury, akin to its purported pathogenic effects in the myocardium (13) . To date, however, few studies have examined FGF23 in individuals who are at risk of developing CKD but who are initially free of clinically evident disease.
Type 2 diabetes is the leading cause of CKD in the United States (14, 15) . It is a robust model for studying risk factors for incident CKD because of the high frequency of events; also, the development of diabetic nephropathy often follows a predictable pattern (16) . Although there are sparse reports of differences in serum phosphate and FGF23 levels among patients with and without diabetes (17) (18) (19) , no studies have examined FGF23 as a risk factor for incident CKD in type 2 diabetes. Using a case-cohort study design nested within the Action to Control Cardiovascular Risk in Diabetes (ACCORD) Trial of 10,251 patients with type 2 diabetes, we measured FGF23 in banked serum samples from the baseline visit in 1110 participants in the ACCORD Trial to test the hypothesis that higher FGF23 levels are independently associated with incident CKD.
Materials and Methods

Population of the Parent Study
The ACCORD Trial compared the effects of intensive versus standard glycemic control and fibrates versus placebo or intensive versus standard BP control on major cardiovascular disease events in 10,251 patients with type 2 diabetes (20) . Participants were recruited at 77 centers across the United States and Canada. Inclusion criteria were hemoglobin (Hb) A1c$7.5% and age 40-79 years with a history of cardiovascular disease or age 55-79 years with evidence of microalbuminuria ($30 mg/g creatinine), atherosclerosis, left ventricular hypertrophy, or two or more cardiovascular disease risk factors. Exclusion criteria were recent serious hypoglycemic events, unwillingness to monitor glucose or inject insulin, body mass index (BMI).45 kg/m 2 , other serious illness, or serum creatinine .1.5 mg/dl. Randomization occurred from 2001 to 2005, and after a mean treatment period of 3.7 years, the intensive glycemia intervention was stopped in 2008 because of increased allcause mortality (21) . The lipid and BP interventions were completed in 2009. Serum creatinine measurements were obtained every 4 months during the first 1 year of followup and annually thereafter (22) . Written informed consent was obtained from all participants in the ACCORD Trial, and Institutional Review Board approval was obtained at all sites.
Population of the Nested Case-Cohort Study
We used a case-cohort study design (23, 24) . The source population was comprised of participants in the ACCORD Trial who had stored baseline serum samples and were not randomized to fenofibrate, because this medication affects serum creatinine assays (25, 26) . From this source population of 5538 participants, we selected a random subcohort of 850 individuals (Figure 1 ). Within the subcohort, 260 participants had prevalent CKD, which was defined as baseline eGFR (estimated by the Modification of Diet in Renal Disease [MDRD] equation),60 ml/min per 1.73 m 2 or microalbuminuria ($30 mg/g creatinine). These participants were excluded.
We defined incident CKD as new-onset eGFR,60 ml/min per 1.73 m 2 detected at a follow-up visit that also represented a $25% decrease from baseline in an individual with eGFR$60 ml/min per 1.73 m 2 and no microalbuminuria (,30 mg/g creatinine) at baseline. To avoid inappropriate ascertainment of incident CKD on the basis of early and reversible changes in kidney function that were likely caused by acute hemodynamic effects of the trial interventions (27) , we used eGFR from the fourth month postrandomization visit as the baseline eGFR value. There were 124 participants who developed incident CKD within the subcohort. We sampled the remaining 520 patients with incident CKD outside the subcohort to reach a total of 644 patients with incident CKD. The total analytic sample included 1110 participants in the ACCORD Trial representing those from the random subcohort without prevalent CKD at baseline plus all of the additional cases outside the subcohort (Figure 1 ). The final study population enabled us to detect a hazard ratio (HR) for incident CKD between referent and comparator quartiles of FGF23 as small as 1.43 with 80% power and 5% two-sided a.
Measurements and Covariate Assessments
We used stored baseline frozen serum samples, shipped cold within 24 hours of collection, to measure FGF23 with an intact assay (Kainos Laboratories, Tokyo, Japan) that exclusively detects the intact hormone, because the two epitopes recognized by the ELISA flank the proteolytic cleavage site of FGF23 (28) . Personnel at the University of Washington Northwest Lipid Metabolism and Diabetes Research Laboratory, who were blinded to CKD case or control status, ran all samples in duplicate after a single freeze-thaw cycle with intra-and interassay coefficients of variation ,4%. Mean values are reported. Serum creatinine was measured using the Roche Creatinine Plus enzymatic method on a Modular P analyzer with coefficients of variation ,2.5%. Urine creatinine was determined enzymatically on a Roche Double Modular P Analytics automated analyzer. Urine albumin was determined by immunonephelometry on a Siemens BN II nephelometer. Serum phosphate measurements were performed on a Roche Modular P chemistry analyzer. With the exception of serum creatinine and eGFR, which were performed at the month 4 follow-up visit, all laboratory measurements and other covariates were ascertained at the prerandomization baseline visit.
Statistical Analyses
We examined baseline characteristics of study participants by quartiles of FGF23 levels and incident CKD status. Because the distribution of FGF23 levels was right-skewed, we natural log (ln)-transformed it for analyses on the continuous scale. We identified predictors of baseline ln FGF23 using linear regression. We used unadjusted and multivariable-adjusted Cox proportional hazards models modified for the case-cohort design (29) to analyze time-to- Figure 1 . | Sampling strategy for the case-cohort study design. We selected a random subcohort of 850 participants in the Action to Control Cardiovascular Risk in Diabetes Trial (represented by the box shaded in dark gray) who were not randomized to fenofibrate, had baseline eGFR measurements, and had stored serum samples available for fibroblast growth factor 23 testing. After excluding 260 participants in the subcohort with prevalent CKD, there were 124 patients with incident CKD and 466 controls in the subcohort. All remaining 520 patients with incident CKD were selected from outside the subcohort. The total analytic sample for the case-cohort study of incident CKD included 1110 participants (represented in boxes shaded in light gray). In addition to excluding 260 participants with prevalent CKD, we did not study 4168 individuals who did not develop incident CKD.
incident CKD according to baseline FGF23 levels expressed as a continuous variable with HRs calculated per SD increment of ln FGF23 and in quartiles, defined by distribution in the random subcohort. For each participant, the observation period was censored at the last surveillance visit if incident CKD had not developed. Because we could not ascertain the exact time between regularly scheduled follow-up study visits when eGFR declined to a level below the threshold to be considered a case of incident CKD, we assigned the event time using the midpoint between the study visit when criteria for incident CKD were first met and the most recent prior study visit (30) . We sequentially adjusted multivariable models for demographic covariates (age, sex, race, and ethnicity), month 4 eGFR, other risk factors for CKD (BP, smoking, diabetes duration, HbA1C, and BMI), use of renoprotective medications (angiotensin-converting enzyme inhibitors and angiotensin receptor blockers), glycemic control intervention arm, and level of serum phosphate. We performed stratified analyses by baseline eGFR. We used multiplicative interaction terms to test for effect modification. Additional models included further adjustments for baseline eGFR instead of and in addition to month 4 eGFR and adjustments for baseline urinary albumin-to-creatinine ratio (UACR), history of any cardiovascular disease, and randomized BP intervention.
We performed a sensitivity analysis, in which we adjusted for eGFR using estimates from the CKD Epidemiology Collaboration (CKD-EPI) equation instead of the MDRD equation (31) . To account for the modest amount of missing covariate data (smoking=8%, diabetes duration=6%, systolic BP,1%, and BMI,1%), we repeated our main analyses after imputing missing data using multiple imputation with five imputed datasets. To better understand the effects of FGF23, phosphate, and eGFR on the risk of incident CKD, we generated plots of splinesbased HR curves, taking a specific predictor value as reference. Finally, we used linear mixed effects models with random intercepts and slopes to generate patient-specific eGFR slopes within the random subcohort (n=590). We tested the association of baseline FGF23 (continuous) with eGFR slope and compared slopes across quartiles of baseline FGF23. The R package smoothHR was used to compute the pointwise estimates of the log-transformed HRs and their corresponding 95% confidence limits. All other analyses were performed with SAS 9.3 (SAS Institute, Cary, NC). All statistical tests were two-sided, and P values ,0.05 were considered significant.
Results
The ACCORD population consisted of middle-aged and older patients with poorly controlled type 2 diabetes of long duration and multiple complications (21) . The characteristics of 590 randomly selected subcohort participants without CKD at baseline (Table 1 ) and the full sample of 1110 participants (Supplemental Table 1 ) were qualitatively similar to those of the overall ACCORD population (21) . Compared with participants with baseline FGF23 levels in the lowest quartile of the subcohort, participants with higher FGF23 levels in the random subcohort were more often women, had higher systolic BP and BMI, and had longer duration of diabetes. Serum creatinine and phosphate levels were modestly higher in participants with higher FGF23 levels, whereas eGFR was lower in those with higher FGF23 levels. In a multivariable model that included demographics and clinical factors, the top three determinants of higher baseline FGF23 levels were higher serum phosphate, lower eGFR, and higher BMI (Supplemental Table 2 ).
The mean baseline eGFR in the subcohort was 90.9622.7 ml/min per 1.73 m 2 . During a median follow-up of 4.7 years, 124 of 590 subcohort participants without prevalent CKD developed incident CKD (47.3/1000 person-years). The average eGFR slope within the subcohort was 21.6 ml/min per 1.73 m 2 per year (95% confidence interval, 21.9 to 21.3), and eGFR declined progressively during follow-up (Figure 2) . The median times to incident CKD among 124 cases within the subcohort and 520 additional cases were comparable (2.7 versus 2.6 years; P.0.05).
Compared with controls, patients with incident CKD were slightly older, had higher BP and BMI, and had lower baseline eGFR ( Table 2) . Greater proportions of patients were women and individuals of white race. Median FGF23 levels were significantly higher among individuals who developed incident CKD (43.5 pg/ml; interquartile range=34.7-55.1 pg/ml) versus controls (39.8 pg/ml; interquartile range=31.9-49.5 pg/ml; P,0.001), but the difference was modest.
Higher levels of baseline FGF23 were associated with higher risk of incident CKD in unadjusted and demographicsadjusted analyses of FGF23 on a continuous scale or in quartiles (Table 3) . However, additional adjustments that included eGFR attenuated the association (Table 3 ). In the final models, eGFR was the strongest statistical predictor of incident CKD (Figure 3) , with a chi-squared statistic (as a measure of the strength of association) that was 10-fold greater than that of HbA1C, which was the second most powerful independent predictor. Serum FGF23 and phosphate levels were not associated with risk of incident CKD in the final models ( Figure 3) .
Although formal tests for interaction did not reveal significant effect modification by eGFR or other covariates, because eGFR was the strongest confounder of the relationship between FGF23 and incident CKD, we examined models stratified by categories of eGFR. In unadjusted stratified models, baseline FGF23 was significantly associated with risk of incident CKD only among participants with eGFR$90 ml/min per 1.73 m 2 , but additional adjustment yielded no significant associations in any stratum (data not shown). Similarly, adjustment for baseline eGFR in addition to or instead of eGFR at the month 4 follow-up visit did not change the results, and models adjusted for UACR, CKD-EPI eGFR, or the randomized BP intervention arm also did not change results ( Table 4) . The results were unchanged in sensitivity analyses that accounted for missing data. Adjusted linear mixed effects models confirmed no significant associations of baseline FGF23 with change from baseline in eGFR over time (P for baseline ln FGF233time interaction=0.26), and there were no significant differences in patient-specific eGFR slopes according to baseline FGF23 quartile (Figure 4 ) (P=0.51).
Discussion
This prospective study of patients with type 2 diabetes evaluated the relationship of baseline FGF23 levels and risk of subsequent incident CKD during a median follow-up period of 4.7 years. Higher levels of baseline FGF23 were significantly associated with higher risk of incident CKD only in unadjusted and demographics-adjusted models. These associations were attenuated by additional adjustment for eGFR, which was the strongest predictor of risk of incident CKD in fully adjusted models. In secondary analyses, baseline FGF23 was not associated with eGFR slope. These results suggest that higher FGF23 is not independently associated with higher risk of incident CKD in type 2 diabetes.
Research into risk factors for incident CKD is hindered by lack of a gold standard CKD test. As a study end point, incident CKD is often defined by a certain magnitude of reduction in eGFR or when an absolute eGFR threshold is traversed. Because baseline eGFR is so strongly related to rate of CKD progression, a "horse-racing" effect can be introduced (32) , where individuals with lower baseline eGFR have a head start that enables them to cross the finish line of incident CKD sooner. As a result, it is difficult for candidate biomarkers that correlate with eGFR to show independent effects in models that adjust for baseline eGFR. Although it is tempting to argue that this phenomenon may have driven the null results of this study or that adjusting analyses of FGF23 for eGFR may be an overadjustment, because they share a common causal pathway to incident CKD, it is important to emphasize that we observed a minute difference in FGF23 levels between patients with incident CKD and controls of ,4 pg/ml in unadjusted analyses. Similarly, there were no significant difference in patientspecific eGFR slopes according to baseline FGF23 quartile. These data support our main conclusion that elevated FGF23 is not an independent risk factor for new-onset CKD in type 2 diabetes.
Our results differ from a prior 24-month study of 307 older women, in whom 63 women developed incident CKD that was defined as a reduction of eGFR to ,60 ml/min per 1.73 m 2 (33) . Each 1 SD increase in baseline FGF23 was independently associated with a 1.5-fold higher risk of incident CKD. The association strengthened when a stricter definition of incident CKD was applied, but this yielded Values are percentages, means6SDs, or medians (interquartile ranges). Serum creatinine and eGFR values are from the month 4 followup visit. ACEIs, angiotensin-converting enzyme inhibitors; UACR, urine albumin-to-creatinine ratio.
only 23 events, whereas the multivariable model included 20 covariates. In contrast, using an efficient case-cohort design, we evaluated patients with type 2 diabetes who clinically would not be labeled as having CKD at baseline and developed more stringently defined incident CKD at a high rate of 47.3 events per 1000 person-years. This allowed us to study a large number of events using robust definitions of disease among high-risk individuals while simultaneously adjusting for potential confounders. Nonetheless, a limitation of our study is that we only oversampled cases using one definition, in which criteria for incident CKD could be met on basis of a single measurement of followup eGFR. This precluded us from testing the relationships between baseline FGF23 and incident albuminuria or other definitions of incident CKD, including those that incorporate serial eGFR measurements (34) . However, results from a sensitivity analysis that showed lack of association between FGF23 and eGFR slope support our main findings.
Another limitation is the relatively wide confidence intervals around the point estimates of incident CKD, which were not significant but trended in the direction of higher risk in association with higher FGF23. Therefore, we cannot definitively exclude the possibility that we failed to detect a small but clinically meaningful association between higher FGF23 and incident CKD. We were also unable to test whether a high prevalence of competing events, such as death, led us to underestimate the association between FGF23 and incident CKD (35). Additionally, the generalizability of our findings to different etiologies of CKD may be limited by the high burden of comorbidities in participants in the ACCORD Trial, which could have overwhelmed an effect Figure 3 . | Nonparametric estimates of the relationships between fibroblast growth factor 23 (FGF23), serum phosphate, and eGFR on the risk of incident CKD. In A, the lowest value of FGF23 level in the highest FGF23 quartile (50 pg/ml) is the reference value (hazard ratio=1.0). In B, the lowest value of phosphate in the highest phosphate quartile (3.8 mg/dl) is the reference value (hazard ratio=1.0). In C, the lowest value of eGFR in the highest eGFR quartile (91.8 ml/min per 1.73 2 ) is the reference value (hazard ratio=1.0). The solid black lines represent the nonlinear relationships between predictors and incident CKD adjusted for age, sex, race, ethnicity, month 4 eGFR, BP, smoking, diabetes duration, hemoglobin A1C, body mass index, use of angiotensin-converting enzyme inhibitors and angiotensin receptor blockers, glycemic control arm, and level of serum phosphate. The dashed lines indicate 95% confidence limits.
of FGF23 that may be relevant in populations with fewer risk factors. Finally, dyssynchronous assessments of baseline eGFR and FGF23 because of a lack of stored samples at the month 4 follow-up visit may have affected our ability to detect associations. In support of our conclusions, the results did not change, regardless of whether we adjusted for eGFR using the month 4 or month 0 prerandomization values.
Another study analyzed FGF23 and risk of incident CKD and ESRD during 21 years of follow-up in the large and racially diverse Atherosclerosis Risk in Communities (ARIC) Study (36) . Higher baseline FGF23 was weakly associated with higher risk of incident CKD, but the results were only of borderline significance, and the models excluded UACR, which is a known risk factor (37) . In contrast, higher baseline FGF23 was independently associated with higher risk of incident ESRD in models that adjusted for baseline eGFR and analyses that were restricted to participants with baseline eGFR.90 ml/min per 1.73 m 2 . These results align with the body of literature that shows that elevated FGF23 levels are independently associated with more rapid progression of established CKD to ESRD (4, (8) (9) (10) . Possible underlying mechanisms may include enhanced FGF23-mediated phosphaturia in CKD that exposes remaining tubules to potentially toxic phosphate concentrations, negative effects of calcitriol and klotho deficiency, or perhaps, direct profibrotic effects of FGF23 that accelerate tubulointerstitial fibrosis after it is established by an underlying kidney disease (38) (39) (40) . Mechanistic studies are needed to test these possibilities.
The lack of CKD in primary disorders of FGF23 excess, in which FGF23 levels are much higher than those observed in the ACCORD Trial and the ARIC Study, suggests that elevated FGF23 is unable to initiate kidney disease. When elevated FGF23 did register as an independent predictor of incident CKD in other studies, it was likely acting as a biomarker of subclinical kidney injury rather than a causal factor. In aggregate, the far less robust results for incident CKD compared with incident ESRD in prior studies along with the null findings that we report in this study suggest that elevated FGF23 may promote progression of established CKD but does not induce de novo kidney injury.
